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Abstract
The ability to generate a change of the lattice parameter in a near-surface layer of a controllable
thickness by ion implantation of strontium titanate is reported here using low energy He+ ions. The
induced strain follows a distribution within a typical near-surface layer of 200 nm as obtained from
structural analysis. Due to clamping effect from the underlying layer, only perpendicular expansion
is observed. Maximum distortions up to 5-7% are obtained with no evidence of amorphisation at
fluences of 1016 He+ ions/cm2 and ion energies in the range 10-30 keV. Accepted for publication
in Europhysics Letter http://iopscience.iop.org/0295-5075
∗ plantevin@csnsm.in2p3.fr
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I. INTRODUCTION
Induced strain in compounds derived from the perovskite structure is known to be an
efficient parameter to tune their physical properties. Superconductors and manganites are
very sensitive to such changes and drastic evolutions can be observed in their properties.
Strain can be applied in different ways: chemical pressure by substituting cations in the
structure, external strain applied with an anvil cell, or biaxial strain when deposited as thin
film by hetero-epitaxy. In this last case, the strain due to the mismatch between the lattice
parameter of the unclamped film and the substrate parameter can be used to permanently
stabilize structures under pressure[1]. The epitaxial strain has even been shown to induce
room-temperature ferroelectricity in strontium titanate, which is not normally ferroelectric
at any temperature [2]. So far, for that purpose, only a limited series of substrates is able to
fulfil the required conditions: to succeed, the lattice mismatch cannot be too large, to avoid
extended default formation. It would be of great interest to find a way to tune the lattice
parameter. The present paper reports on the investigation of the correlation of the lattice
parameter change of He+ irradiated SrTiO3 single crystals with the applied fluence and
helium ion energy. Mechanism responsible for the observed strain distribution is discussed
from structural analysis compared with simulations of the implanted profile. Within that
frame, the strain distribution has to be considered as a consequence of defects introduction
in the material. As will be shown, helium ion irradiation introduces mainly point defects
such as vacancies which can lead to a completely new electronic structure. From that point
of view, this method is much different from epitaxial strain.
II. EXPERIMENTAL
SrTiO3 (STO) is, at room temperature, a cubic perovskite (Pm3¯m) with a cell parameter
of 3.905 A˚. This is one of the most used substrates for thin oxide film growth. The irradiated
STO were 5×5×0.5 mm3, (001) and (110) oriented crystals. The samples were irradiated
at CSNSM using the IRMA implantor [3]. For the (001) samples, a He+ beam of varying
ion energy between 10 keV and 30 keV energy was used with an ion fluence of 1016 He+
ions/cm2. Different ion fluences between 1015 He+ ions/cm2 and 5×1016 He+ ions/cm2
were used at an ion energy of 30 keV. The (110) oriented samples were irradiated with an
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energy of 30 keV and two ion fluences of 5×1015 He+ ions/cm2 and 5×1016 He+ ions/cm2.
The implantations were performed with an ion current density below 3 µA/cm2, at room
temperature and under an angle of incidence of 7◦ to avoid canalization effects. One (110)
oriented STO sample was studied after helium ion implantation at a fluence of 5×1015 He+
ions/cm2 using cross-sectional Transmission Electron Microscopy (TEM FEI Tecnai G2 20,
200 kV). It was only mechanically polished for that purpose after the observation that Ar+
ion polishing interferes with the observation by causing the formation of small cavities in
the thin sample. XRD experiments were performed using an X’PERT PANalytical Philips
diffractometer equiped with a Cu anode (Kα radiation (8 keV)) in a θ-2θ geometry close to
the (002) Bragg peak for the (001) oriented crystals, and around the (220) Bragg peak for
the (110) oriented sample. In plane parameter was deduced from asymetric reflection (202)
in the case of STO(001) samples.
III. RESULTS
A. SIMULATION
According to the SRIM simulation program[4] (http://www.srim.org) , the mean pro-
jected range for the helium ions at 30 keV, Rp, and straggling, δRp, are 157 nm and 55 nm
respectively. The simulation results are independent of crystalline orientation as the sample
is treated as a mean medium without atomic structure. The maximum He concentration
for an ion fluence of 1016 He+ ions/cm2 is 7.4×1020cm−3 at a depth of 176 nm, while the
total vacancy concentration following the simulation is estimated to have a maximum of
2.4×1022cm−3 at a depth of about 130-140 nm, which corresponds to 50% of the oxygen
sites. This value is expected to be much lower due to direct vacancy-interstitial recombi-
nation and only about 20% of the defects is estimated to survive at room temperature as
was assumed for example in MgO under similar irradiation conditions[5]. This assumption
leads to approximately 10% of oxygen vacancy sites. An experimental method which could
be used to determine the formation of vacancy defects is positron annihilation spectroscopy.
It has already be shown that cation-oxygen related vacancies were induced by Ar ion im-
plantation in SrTiO3 single crystals [6]. Both the profiles of He concentration and nuclear
energy loss are shown in Fig.1. Nuclear energy loss is directly responsible for defect creation
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FIG. 1. SRIM simulation results of the nuclear energy loss and helium concentration in SrTiO3
irradiated with 30 keV He+ ions
in the irradiated samples. From SRIM, the concentration of oxygen vacancies is estimated
to be about twice the concentration of Sr and Ti vacancies (which are approximately equal),
and the maximum in oxygen vacancy concentration is shifted slightly deeper (150 nm) due
to a lower mobility edge. When the implantation energy is increased from 10 keV to 30 keV,
one finds that the maximum of the nuclear energy loss is translated from 47 nm to 140 nm,
while the FWHM of the profile increases from 75 nm to 160 nm.
B. X-RAY DIFFRACTION
The strain in the irradiated area has been studied using X-ray diffraction for both (001)
and (110) oriented crystals. For the (001) orientation, the perpendicular lattice parameter
was probed around the (002) Bragg peak in θ-2θ geometry, while the in-plane lattice param-
eter was probed with a measurement around a (202) Bragg reflection. For the latter, our
measurements showed almost no in-plane strain, less than 0.3% for all the measured samples
irradiated between 1015 He+ ions/cm2 and 1016 He+ ions/cm2. However, the perpendicular
strain showed a strong increase after helium ion implantation as can be seen in the measure-
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FIG. 2. Measured and simulated X-ray diffraction spectra of a (001) oriented SrTiO3 sample
irradiated with 1016 He+ ions/cm2 ions at 30 keV compared with a reference (non irradiated)
sample.
ment presented in Fig.2 for a sample irradiated with 1016 He+ ions/cm2. As compared to the
reference measurement on a non-irradiated SrTiO3 sample, one observes intensity on the low
angle side of the Bragg peak corresponding to lattice expansion in the direction perpendicular
to the sample surface. As was shown by Sousbie et al.[7], this result can be described rather
simply with a direct inversion procedure. This method attributes the interference fringes in
the diffraction profile to equivalent strain states situated at different depths along a gaussian
strain profile. One can directly obtain a perpendicular strain profile in the sample with a
maximum of 5.15% and FWHM of 166 nm (gaussian profile). A similar result was obtained
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with the (110) oriented sample and no dependency with surface orientation was observed, as
for example the same maximum strain of 2.4% was observed in the (001) and (110) oriented
samples irradiated at 30 keV and 5×1015 He+ ions/cm2. For the experimental data simula-
tion, a more precise approach consists in calculating the diffraction spectrum directly with
a X-ray diffraction simulation program (http://sergey.gmca.aps.anl.gov/gid sl.html). This
method was used starting from different strain profiles and adjusting the maximum strain
value to fit with the lowest angle observed interference fringe. The simulations show that a
strain profile following the helium concentration profile does not describe properly the data,
while a strain profile following the nuclear energy loss profile allows a good description of
the data as can be seen from Fig.2. The position of the observed maximum around 2θ=45◦
is seen to be highly sensitive to the strain profile. We infer from the simulations that the
strain observed in strontium titanate after helium ion implantation in a range from 5×1015
to 1016 He+ ions/cm2 is mainly due to Frenkel pair formation along the ion beam, as was
already observed in SiC by Leclerc et al.[8]. A stress model for thin films including the effect
of volume distortions induced by point defects created under ion irradiation was proposed
by Debelle et al.[9]. Within the framework of this model, the in-plane lattice parameter is
fixed by the substrate, giving only one direction of expansion of the layer under irradiation.
The observed maximum perpendicular strain was observed to follow a linear dependency
with ion fluence from 0.5% at 1015 He+ ions/cm2 up to 5% at 1016 He+ ions/cm2 for an
irradiation at 30 keV. This result supports the idea that the strain is proportional to the
deposited energy in that fluence regime. For higher fluences (above 5×1016 He+ ions/cm2)
and for both surface orientations, the X-ray diffraction data indicates surface amorphization
after implantation at room temperature, without any observed interference fringes. The
irradiation energy dependency of the perpendicular strain has been probed between 10 keV
and 30 keV at a fluence of 1016 He+ ions/cm2. The strain profiles used to simulate the X-ray
measurements are shown in Fig.3. At 30 keV, the maximum strain is nearly constant in a
band of about 40 nm thickness centered at 140 nm. We also observe a decreasing maximum
strain as a function of energy. Indeed, the maximum strain was about 6.7% at 10 keV, 5.4%
at 20 keV and 4.9% at 30 keV. This result can be understood in term of the deposited ion
energy profile: as obtained from the SRIM simulation program, the ion energy is deposited
in a narrower band at lower energy, giving rise to a higher defect concentration and higher
strain in that located area.
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FIG. 3. Perpendicular strain profiles following the nuclear energy loss distributions, as used in the
simulation of the X-ray diffraction measurements (see fig.2), in SrTiO3 irradiated at different He
+
ion energies as indicated and an ion fluence of 1016 He+ ions/cm2.
C. TRANSMISSION ELECTRON MICROSCOPY
In order to illustrate the near-surface sample modification related to helium ion implan-
tation, we show in Fig.4, a TEM image of a (110) oriented SrTiO3 sample irradiated with
1016 He+ ions/cm2 at 30 keV. This image clearly shows a band related to the irradiated
area with a thickness of 175 nm, while defects are mostly seen in a zone corresponding to
the maximum nuclear energy loss. For comparison, the oxygen vacancy profile as obtained
from SRIM simulation is superposed, clearly showing a correspondence with the ion induced
defects in the irradiated area, peaking around 140 nm. The maximum helium concentration
peaks at the end of the observed band (175 nm), indicating that the helium interstitial atoms
instead induce strain relaxation as it was observed in SiC[8, 10]. As can be seen in Fig.4
the strain relaxation between the implanted band and the substrate leads to the formation
of extended defects at a depth of about 200 nm. On another hand, the diffraction pattern
from the irradiated zone (shown in the insert), probed with an area selection diaphragm, ev-
idences that the sample is still monocrystalline after ion irradiation. The irradiated sample
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FIG. 4. Oxygen vacancy concentration profile obtained from SRIM simulation superposed with
a TEM bright field image of a (110) oriented SrTiO3 irradiated with 10
16 He+ ions/cm2 at 30
keV. The cross-section is observed at a magnification of 390k. The insert shows a selected area
diffraction pattern taken in the near-surface band.
does not show any evidence of amorphization which would give for example diffuse scattering
around the observed diffraction spots. Also, no evidence for microcavities has been observed
and vacancy like defects might be stabilised by the implanted He atoms[5]. A rough mea-
surement of the distance between different Bragg peaks in the irradiated and non-irradiated
areas gives an estimation for the mean strain in the observed area of about 1.5%. This value,
as expected, is lower than the one obtained from X-ray diffraction, and indicates consistency
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between the two measurements.
IV. CONCLUSION
We have shown here the possibility, using helium ion irradiation, to modify in a controlled
manner the perpendicular lattice parameter of SrTiO3 in a variable thickness layer close to
the surface. This near-surface strain distribution has been attributed predominantly to the
creation of Frenkel pairs in the studied fluence range. As compared to previous work based
on the modification of SrTiO3 using argon ion irradiation at low-energy (300 eV)[11], our
method does not amorphize the sample surface. It also introduces a buried and tunable
perpendicular strain distribution, while argon ion irradiation have been shown to induce
lattice parameter expansion only in a thin surface layer[12]. The strain gradients introduced
by helium ion irradiation could be used to generate polarization in SrTiO3[13], though we
did not observe any second harmonic generation (SHG) signal at room temperature. The
possibility to tune the oxygen vacancy concentration at a given depth may open the way
for a controlled introduction of charge carriers in thin buried layers, and thus to induce
new properties in oxide materials[14]. Another possibility offered by the method will be the
use of the local swelling associated with the perpendicular lattice parameter expansion for
surface nano-patterning[15–17].
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